Fertilization is precisely controlled by many gamete proteins to achieve species-specific and monospermic fertilization.
But, it was elucidated that acrosin is not essential for sperm penetration through the zona pellucida, by using acrosingene knockout mice. 4) In order to identify the sperm proteases involved in fertilization, we have been studying sperm proteases by using the ascidian Halocynthia roretzi, since large quantities of readily fertilizable gametes are easily obtained. We discovered that the sperm proteasome plays an extracellular role pivotal in ascidian fertilization, in particular penetration of the vitelline coat. 2, [5] [6] [7] [8] Very interestingly, it was recently revealed that mammalian sperm also utilize the proteasome as a lysin of the zona pellucida. 9) These findings led us to question whether deuterostomes other than chordates may also utilize the sperm proteasome as a lysin during fertilization. In order to address this issue, we selected sea urchins as a representative non-chordate deuterostome, since large quantities of readily fertilizable gametes are easily obtained.
In sea urchins, it is currently believed that a chymotrypsinlike protease is a lysin, since two chymotrypsin inhibitors, chymostatin and tosyl-phenylalanyl-chloromethane (TPCK), inhibit fertilization of sea urchins. 10) A 19-kDa chymotrypsin-like protease, which was purified from sea urchin sperm, is thought to be a lysin, since the purified preparation has a vitelline-coat lytic activity. 11) On the other hand, the sperm proteasome has been proposed to participate in the acrosome reaction, since chymostatin and Suc-Leu-Leu-ValTyr-MCA, a preferred substrate for the proteasome, are capable of inhibiting the acrosome reaction in sea urchins. 12, 13) However, the precise roles of sperm proteasomes in fertilization, by using several proteasome-specific inhibitors, have not been tested. Therefore, we attempted to reappraise whether or not the sperm proteasome is involved in penetrating the vitelline coat, as well as in the acrosome reaction in sea urchin sperm, by examining the effects of proteasomespecific inhibitors on acrosome reaction and penetration through the vitelline coat.
MATERIALS AND METHODS

Animals and Gametes
The sea urchin Anthocidaris crassispina was collected in July near Sugashima Marine Biological Laboratory, Toba, Mie prefecture, Japan. Sperm and eggs were collected by injecting 0.5 M KCl into the coelomic cavity of each animal. Sperm were harvested "dry" into a Petri dish, while the eggs were collected in a 100-ml beaker filled with filtered seawater. The eggs, thus collected, were washed three times with Millipore-filtered seawater (MFSW) and used for fertilization experiments.
Chemicals MG-132, MG-115, E-64-d, chymostatin and Suc-Leu-Leu-Val-Tyr-MCA were purchased from Peptide Institute, Inc. (Osaka, Japan). Leupeptin is a generous gift from Dr. T. Someno of Nippon Kayaku Ltd. Ca 2ϩ -ionophore ionomycin was purchased from Sigma Chemical Co. Alexa Fluor 488 phalloidin was obtained from Molecular Probes Inc. All the other reagents were purchased from Sigma Chemical Co., unless otherwise specified.
Fertilization Assay Fertilization experiments using intact sperm and eggs were carried out according to the method described previously. 10) Briefly, sperm were suspended in 100 ml of MFSW, containing respective protease inhibitors, and allowed to incubate at 25°C for 5 min, followed by adding egg suspension (10 ml). After incubation for 30 min at 25°C, fertilization ratio was determined by counting fertil-ization envelopes on fertilized eggs. Fertilization of dejellied eggs by acrosome-reacted sperm was carried out as follows. Intact eggs were treated with acidic seawater (pH 5) for 2 min followed by repetitive washing with MFSW as described previously. 14) Dejellied eggs, thus prepared, were immediately used for fertilization experiments. Acrosome-reacted sperm were obtained by incubating intact sperm with egg water (egg jelly fraction) for 5 min. Under these conditions, more than 70% of sperm undergo the acrosome reaction. The acrosome reacted sperm were rapidly incubated with the respective inhibitors for 5 min, and then mixed with dejellied eggs. The fertilization ratio was determined as described above.
Assay of Acrosome Reaction Acrosome reaction was assayed as described previously. 15, 16) Briefly, sperm were suspended in 200 ml of MFSW, incubated with MG-132 for 5 min, and then mixed with 10 ml of egg jelly (carbohydrate contents, 0.25 mg) or ionomycin (final concentration, 10 mM) to induce the acrosome reaction. After standing for 3 min, sperm were fixed by adding an equal volume of 4% paraformaldehyde/SW for 1 h, washed with artificial seawater, and placed on a poly-L-lysine-coated cover slip. After treatment with 0.05% Triton X-100, the acrosomal process was stained with phosphate buffered saline (PBS) containing 0.2 unit Alexa Fluor 488 phalloidin, 1 mg/ml bovine serum albumin and 20 mM glycine, for 2 h under darkness. Acrosome-reacted sperm with an acrosomal process were scored under a Nomarski fluorescence microscope using a 100ϫ objective lens and a B2A filter (Nikon).
Assay of Proteasome Activity in Acrosomal Contents "Dry" sperm of A. crassispina were suspended in MFSW and the possibly contaminating coelomic cells were carefully removed by two cycles of centrifugation (800ϫg, 5 min, 4°C). The supernatant fraction was centrifuged at 1500ϫg, for 20 min to precipitate the sperm. Sperm, thus prepared, was allowed to undergo the acrosome reaction with 10 mM ionomycin as described above. After centrifugation (1500ϫg, 30 min), the supernatant fraction was further centrifuged at 17000ϫg, for 30 min. The resulting supernatant, which contains acrosomal contents, was utilized for the assay of the proteasome activity using 100 mM Suc-Leu-Leu-ValTyr-MCA as a substrate in the presence or absence of 20 mM MG-132 and E-64-d.
RESULTS AND DISCUSSION
Effects of Protease Inhibitors on Fertilization
In order to explore a sperm protease(s) involved in sea urchin fertilization, we first examined the effects of various protease inhibitors on fertilization of A. crassispina. A representative result of three experiments was depicted in Fig. 1 . As shown in the figure, fertilization was strongly inhibited by MG-132, and weakly by MG-115. In contrast, leupeptin, chymostatin, and E-64-d showed no appreciable inhibition toward fertilization at 100 mM. Although MG-132 can also inhibit cysteine protease activity, 17) the effect of MG-132 appears to be on the proteasome, since E-64-d (a potent cysteine-protease inhibitor) showed no inhibition toward fertilization (Fig. 1) .
Effect of MG-132 on the Acrosome Reaction Next, we explored which step of the fertilization process, i.e. acrosome reaction or sperm penetration of the egg-coat, is blocked by proteasome inhibitors. It is proposed 12, 13) that the proteasome is involved in the acrosome reaction of sea urchin sperm, since chymostatin and Suc-Leu-Leu-Val-Tyr-MCA inhibit the acrosome reaction, albeit weakly (Ͼ200 mM). However, the effects of proteasome-specific inhibitors on the acrosome reaction have not been tested previously. Therefore, we investigated the effect of MG-132 on the acrosome reaction by counting the sperm possessing an acrosomal process as described previously. 15, 16) As shown in Table 1 , the egg-jelly-induced acrosome reaction was inhibited by 100 mM MG-132, but the ionomycin (Ca 2ϩ ionophore)-induced acrosome reaction was not inhibited at all. These results suggest that the proteasome is involved in a process leading to an increase in intracellular Ca 2ϩ concentration during acrosome reaction. The present results support the earlier observation that the proteasome may be involved in the acrosome reaction of sea urchin sperm. 12, 13) In connection with this, it is interesting to note that PKA appears to be involved in the acrosome reaction of sea urchins. 18) Taking into account that the regulatory subunits of PKA are known to be degraded by the proteasome, which may be responsible for long-term synaptic plasticity in Aplysia, 19) it is reasonable to speculate that the sperm proteasome may play a role in the degradation of the regulatory subunits of PKA resulting in irreversible activation of PKA during the acrosome reaction of sea urchins. Sperm were allowed to undergo the acrosome reaction by adding egg jelly (carbohydrate content: 0.25 mg) or ionomycin (10 mM), in the presence or absence of 100 mM MG-132. Percentages of the acrosome reaction in the presence or absence of MG-132 were summarized. Data are meanϮS.D. in three experiments. ascidians 5, 6, 20) and mammals, 9) it is reported that the proteasome is involved in the penetration of sperm through the proteinaceous egg-coat. However, such a function of the sperm proteasome has not yet been proposed in sea urchins. In order to assess this issue, we investigated the effects of MG-132 and MG-115 on fertilization of dejellied eggs using the acrosome-reacted sperm. Since the fertilizing ability of the acrosome-reacted sperm appears to decrease rapidly, dejellied eggs were used in this study instead of intact eggs. Immediately after inducing the acrosome reaction, sperm was incubated with respective inhibitors, followed by mixing with dejellied eggs. As shown in Fig. 2 , fertilization of dejellied eggs with reacted sperm was inhibited by MG-132 and MG-115 in a concentration-dependent manner. In contrast, E-64-d showed no inhibition at 100 mM. The same results were also obtained by two combinations of sperm and eggs prepared from different individuals (data not shown). These results indicate that the sperm proteasome also participates in a fertilization process after the acrosome reaction, probably in sperm penetration, as a lysin of the vitelline coat.
Effects of Proteasome Inhibitors on Fertilization of Dejellied Eggs by Acrosome-Reacted Sperm In
Inhibitory abilities of the proteasome inhibitors toward fertilization with acrosome-reacted sperm were much higher than those toward fertilization with intact sperm (see Figs. 1,  2) . These results appear to be reasonable, since the sperm acrosomal proteasome must be exposed and partially released during acrosome reaction, enabling the proteasome susceptible to the inhibitors.
Occurrence of the Proteasome Activity in Acrosomal Contents If the proteasome is responsible for the sperm penetration through the vitelline envelope, it is assumed that the proteasome is localized in an acrosome and is exposed and partially released to the surrounding seawater in response to the acrosome reaction. In order to address this issue, we examined whether the proteasome activity is detected in the acrosomal contents by using Suc-Leu-Leu-ValTyr-MCA as a substrate. Interestingly, we found that the proteasome activity resides in the acrosome contents, which is strongly inhibited by MG-132 (more than 99% inhibition) but not by E-64-d (less than 2% inhibition) at a concentration of 20 mM. The inhibitory effect of MG-132 on the proteasome activity was stronger than the effect on fertilization. This may be due to the fact that high concentrations (50-100 mM) of MG-132 are required to inhibit all the catalytic sites of the proteasome. 21) Alternatively, high concentrations of the inhibitor may be necessary to completely block the entry of a single sperm into an egg. In any case, the present results showing the existence of the proteasome activity in the acrosomal contents strongly support the above-mentioned hypothesis that the proteasome plays a key role in the sperm penetration through the vitelline envelope during fertilization of the sea urchin A. crassispina.
It is proposed that a chymotrypsin-like protease is a lysin in sea urchin, since two chymotrypsin inhibitors (chymostatin and TPCK) and p-nitrophenyl-pЈ-guanidino-benzoate, but not other protease inhibitors, including leupeptin, inhibited fertilization of the sea urchins Hemicentrotus pulcherrimus and Strongylocentrotus intermedius at concentrations higher than 200 mM.
10) These data are not at variance with our observation, since our preliminary data indicated that chymostatin at concentrations higher than 200 mM showed a significant inhibition toward fertilization (data not shown). A 19-kDa chymotrypsin-like protease has been purified from sea urchin sperm. 11) This protease is currently proposed to be a vitelline-coat lysin, since the purified enzyme has a vitellineenvelope lytic activity. However, since the vitelline-coat-lytic activity and the acetyl-tyrosine ethyl ester-hydrolyzing activity of the purified enzyme is completely inhibited by low concentrations (100-200 mM) of chymostatin, 11) it seems unlikely that such a chymostatin-sensitive protease is essential for sperm penetration through the vitelline envelope in sea urchins under physiological conditions. Further studies on the effects on fertilization of specific inhibitors and antibodies against the 19-kDa sperm protease and the sperm proteasome, as well as on the localization of these proteases are necessary to convincingly demonstrate the roles of sperm proteases in fertilization.
Extracellular functions of proteasome are not well known in cases other than fertilization. However, our present findings gave us a new idea that the sperm proteasomes must play an important extracellular role in the fertilization of deuterostomes. This will shed light the ubiquitin-proteasome system functioning extracellularly, and on diagnosis and therapeutics of male infertility patients. Vol. 30, No. 7 
